Background
==========

Reactive oxygen species (ROS) are continuously being generated during oxygen dependent events in living organisms. ROS production is highly correlated to pathological responses both at the cellular and organismal level \[[@B1]\]. These responses include events such as cancer, cell death and aging. At the cellular level the oxidative stress response results in activation and up regulation of several antioxidant enzymes, such as superoxide dismutase (SOD), catalase and glutathione-s-transferase (GST) as well as non-enzymatic antioxidant compounds, such as ascorbic acid, β-carotene and reduced glutathione, GSH \[[@B2]\]. The role of metallothionein (MT) as a free radical scavenger has been well documented in vitro \[[@B3]\], in cell lines \[[@B4]\], and at the organism level \[[@B5],[@B6]\]. Furthermore, it has been shown that MT is induced by ROS inducing agents such as paraquat (PQ), hydrogen peroxide (H~2~O~2~) and glutathione depleting agents such as diethylmaleate \[[@B1],[@B4],[@B7]\]. In addition, Phorbol-12-myristate-13-acetate (PMA) is a potent tumor promoter shown to induce MT expression via activator protein 1 (AP1) cis-acting elements in mammals \[[@B8]-[@B10]\].

Sequencing of several teleost MT enhancer regions have revealed the presence of distally located nuclear factor interleukin 6 (NF-IL6) and AP1 elements, inferring that these elements are involved in a conserved function \[[@B7],[@B11]-[@B13]\]. The transcription factor NF-IL6 is activated by the cytokine IL-6 in response to NF-κB activation. NF-IL6 is suppressed in normal tissues, but is rapidly and drastically induced by inflammation \[[@B14]\].

The composite transcription factor AP1 was first identified as a factor mediating optimal basal level expression of the human MT2A (hMT2A) enhancer region \[[@B15]-[@B17]\]. Sequencing of the Fugu genome allowed determination of gene similarity between human and teleost genomes \[[@B18]\]. It has been shown that there are more AP1 genes in Fugu than in mammals and that they share high homology in the DNA binding and dimerisation domains \[[@B19]\]. The sequence data thus indicate that the functionality of the AP1 proteins may be highly similar in both teleosts and mammals.

MT-I induction by ROS in mouse has shown to be mediated by metal responsive elements (MREs) and antioxidant responsive elements (ARE)/upstream stimulatory factor (USF) cis-acting elements \[[@B20]\]. The USF/ARE composite transcription factor has also been identified in a number of other terrestrial vertebrates including chicken \[[@B21]\]. The USF cis-acting element has been shown to participate in basal level transcription of the mouse MT-I gene \[[@B22]\]. The ARE cis-acting element has also been identified and characterized in enhancer regions from metabolizing enzymes participating in the phase II drug response and is activated by electrophilic xenobiotics and H~2~O~2~\[[@B23]\]. Oxidative stress has been hypothesized to be the main driving force for gene activation via ARE \[[@B24],[@B25]\]. However, it has been indicated that ARE driven gene expression can occur in the absence of oxidative stress through the transcription factor nuclear factor (erythroid-derived 2)-like 2 (Nrf-2) \[[@B26]\]. The AP1 cis-acting element share high homology to the ARE but is not a component of the protein complex that binds the USF /ARE site on the mouse MT I enhancer region \[[@B27]\]. However, AP1 has been shown to bind to ARE in the NADP (H): quinone oxidoreductase hNQO1 gene enhancer resulting in activation of this gene \[[@B28],[@B29]\].

Functional analysis of the rtMT-A promoter has indicated that free radicals regulate the rtMT-A gene via a region containing multiple copies of AP1 elements and one NF-IL6 element \[[@B7]\]. In the rtMT-A gene there is a distal region of the promoter that contain AP1 elements with a potential to regulate MT gene expression. Upstream of the AP1 elements there is one distinct NF-IL6 element that has not been previously analyzed for its involvement in MT regulation. In studies of teleosts there is no clear correlation between the presence of AP1 elements and free radical responsiveness of the MT genes \[[@B30],[@B31]\]. However, a study on the interaction between MT and free radicals indicate that rtMT-A and sea mussel (*Mytilus galloprovincialis*) MT10 has a higher ROS scavenging capacity than rabbit MT \[[@B32]\]. Furthermore, in an open sea study on cod, a strong correlation was observed between hepatic MT levels and the total ROS scavenging capacity of the liver \[[@B33]\]. Thus, while AP1 has not been clearly correlated with MT induction in teleosts it remains that one of the functions of MT is ROS regulation. To further explore the understanding of MT regulation in teleosts by ROS and tumor promoting agents we have analyzed the relative contribution of AP1 and NF-IL6 elements in the rtMT-A enhancer region. In order to study the conservation of the identified cis-elements we tested the regulatory potential using both homologous as well as heterologous systems. Functional analysis of the rtMT-A promoter suggest that the NF-IL-6 element is instrumental to MT induction by oxidative stress while the AP-1 elements exhibited a strong activation in response to tumor promoting agents such as PMA. The AP-1 elements appeared only to a minor extent contribute to free radical inducibility of the rtMT-A gene. Moreover, hepatic expression of rtMT-A mRNA was substantially increased in response to both oxidative stress and tumor promotion, suggesting that MT may be involved in the protection against pathological processes such as inflammation and cancer.

Results
=======

Basal level expression of the rtMT-A promoter
---------------------------------------------

Transfection of the indicated deletion constructs (Figure [1](#F1){ref-type="fig"}) in both homologous (RTH-149) and heterologous (Hep G2) systems show that the full-length rtMT-A promoter is required for maximal basal level expression (Figure [2](#F2){ref-type="fig"}). While single pairs (AP1~1,2~ and AP1~3,4~) of AP1 elements did not initiate transcription, the region containing the complete cluster of AP1 elements (AP1~tot~) enhanced basal level activity 2-fold and 20-fold in the RTH-149 and Hep G2 cell lines respectively. The MRE construct (-793, complete set of 6 MREs) was observed to be important for basal level activity of the rtMT-A promoter in both cell lines. Transfection with the MRE-AP1 (-939, complete set of 6 MREs and 4 AP1 elements) construct resulted in further enhancement of basal level expression.

![**Cis-acting elements of the rtMT-A promoter.** The location and orientation of the NF-IL6, AP1 and MRE elements on the rtMT-A enhancer region is shown. There are 6 MREs (MRE), 4 AP1 (AP1~tot~) and 1 NF-IL6 (NF-IL6) element located in the first 1100 bp upstream of the transcriptional start site in the rtMT-A gene. The constructs shown are -1042/-917 that contain the NF-IL6 element alone; -939/-812 that contain AP1~3,4~; -834/-774 that contain AP1~1,2~; -939/-774 (AP1~tot~); -793/+23 (MRE); -939/+23 (MRE-AP1); -1042/+23 (MRE-AP1-NFIL6). The TATA box found in rtMT-A is included in the reverse primers of the distally located constructs. The constructs were cloned into the pGL3-basic vector.](1471-2199-14-28-1){#F1}

![**Basal level expression of rtMT-A cis-acting elements.** Basal level luciferase activity in RTH-149 **(A)** and Hep G2 **(B)** cells transfected with the indicated rtMT-A promoter constructs. Luciferase activity is given as relative luminescence. All activities were normalized using either the dual luciferase system or β-galactosidase activity. Luciferase activities were analyzed 24 hours post transfection. Results are presented as mean ± SE (n = 4). All other activities were adjusted accordingly. Statistically significant differences from control levels are indicated by \*(p \< 0.05); \*\* (p \< 0.01).](1471-2199-14-28-2){#F2}

rtMT-A activity following PQ and H~2O2~ exposure
------------------------------------------------

RTH-149 and Hep G2 cells were transfected with the MRE-pGL3 vector (-793), the MRE-AP1-pGL3 vector (-939), and the AP1-pGL3 vector (AP1~tot~). Treatment of transiently transfected RTH-149 cells with 10 μM PQ (Figure [3](#F3){ref-type="fig"}A) or 100 μM H~2~O~2~ (data not shown) did not result in a significant increase in luciferase activity. However, transfection of Hep G2 cells followed by 100 μM H~2~O~2~ exposure resulted in \~1.5-fold induction with both constructs containing the 4 AP1 elements (Figure [3](#F3){ref-type="fig"}B). Transfection with the MRE-pGL3 vector did not result in up-regulation of the luciferase expression. These data suggest that the AP1 elements of the rtMT-A promoter alone confer free radical inducibility.

![**Activation of rtMT-A cis-acting elements following exposure to oxidative stress.** Luciferase activity in RTH-149 **(A)** and Hep G2 **(B)** cells transfected with the indicated rtMT-A enhancer vectors. Cells were exposed to 10 μM PQ (RTH-149) or 100 μM H~2~O~2~ (Hep G2). Activities are given as fold induction. All activities were normalized using either the dual luciferase system or β-galactosidase activity. Luciferase activities were analyzed 24 hours post transfection. Results are presented as mean ± SE (n = 4). Statistically significant differences from control levels are indicated by \*(p \< 0.05); \*\* (p \< 0.01).](1471-2199-14-28-3){#F3}

Mutation analysis and EMSA of rtMT-A AP1 elements
-------------------------------------------------

EMSAs were performed to identify relative binding affinity of the four AP1 elements (the sequences were tested pairwise) of the rtMT-A promoter to the AP1 consensus sequence. A set of normal and mutated AP1 oligonucleotides were used in EMSA competition assays (native and mutated (\*) AP1 sequences are presented in Table [1](#T1){ref-type="table"}). A strong gel-shift was observed following incubation with labeled AP1 consensus oligonucleotide with HeLa nuclear extracts. This shift was completely abolished by competing with 400-fold excess of either unlabeled AP1 consensus or AP1~1,2~ oligonucleotides (Figure [4](#F4){ref-type="fig"}A). Mutation of both proximal AP1 elements (AP1~1\*,2\ \*~) abolished AP1 binding while separate mutation of the individual elements (AP1~1\*,2~ and AP1~1,2\*~) resulted in reduced AP1 binding. Thus, both AP1~1~ and AP1~2~ were observed to be important for interaction with the AP1 protein complex, with AP1~2~ exhibiting strongest affinity. The distally located AP1 elements, AP1~3,4~ showed low binding affinity to the AP1 consensus sequence. However, using a 1000 × molar excess of competitor a slight reduction in the intensity of the shift could be observed (Figure [4](#F4){ref-type="fig"}B). Dose--response competition of native and mutated AP1~1,2\*~ oligonucleotides (40, 400 and 1000 × excess) indicate that a 40 fold excess of consensus AP1 element completely competed away the labeled AP1 element. The AP1~1,2~ oligonucleotide was less effective and requires 400 fold excess for complete competition. The two single mutated sequences (AP1~1\*,2~ and AP1~1,2\*~), also showed dose-dependent competition although requiring higher concentrations of competitor. Mutation of both the proximally located AP1 elements (AP1~1,2\*~) resulted in abolished competition with the AP1 consensus oligonucleotide. The present functional analysis of the rtMT-A AP1 elements demonstrates that the proximally located AP1~1~ and AP1~2~ elements show the highest competition with the AP1consensus sequence.

###### 

Oligonucleotides used for EMSA competition binding assays

  **Primer**    **Sequence**
  ------------- ------------------------------------------
  AP1-1,2       TGG TAT GAC ACA GCT C AA TTA CTC AAG CAG
  AP1-1\*,2     TGG TAT GAC ACA GCT C AA TTA ATT AAG CAG
  AP1-1,2\*     TGG TAT AAT ACA GCT CAA TTA CTC AAG CAG
  AP1-1\*,2\*   TGG TAT AAT ACA GCT CAA TTA ATT AAG CAG
  AP1-3,4       CTG GTA CTG TCA GTG ACT ATT T

The different AP1~1,2~ and AP1~3,4~ oligonucleotides corresponds to position (-814 to -785) and (-867 to -836) of the rtMT-A promoter respectively. The asterisk (\*) indicates a mutated cis-element.

![**AP1 binding affinity to AP1 consensus sequence.** Electrophoretic mobility shift assay (EMSA) on HeLa nuclear extract (10 μg). The AP1 consensus oligonucleotide was labelled with γ-32P ATP. Synthetic oligonucleotides, corresponding to the rtMT-A promoter were used as competitors. The constructs used as competitors were: Consensus AP1 **(C)**; AP1~1,2~ (1,2); AP1~1\*,2~ (1\*,2); AP1~1,2\*~ (1,2\*); AP1~1\*,2\*~ (1\*,2\*) and AP1~3,4~ (3,4). Mutated AP1 elements are indicated by an asterisk (\*). NE, no extract. The location of the AP1 protein complex and free unbound probe is indicated by arrows. **(A)** Competitor oligonucleotides were added in 400 x molar excess. **(B)** The AP1 consensus and AP1~3,4~ were added in 200 x and 10,000 x molar excess respectively. **(C)** Dose--response analysis of AP1 oligonucleotides. Synthetic oligonucleotides, corresponding to the AP1 elements in the rtMT-A promoter were used as competitors. Competitor oligonucleotides were added in 40 x, 400 x and 1000 x molar excess.](1471-2199-14-28-4){#F4}

*In vitro* inhibition of H~2~O~2~ induced rtMT-A gene activity
--------------------------------------------------------------

Transfection of Hep G2 cells with AP1-pGL3 and MRE-AP1-pGL3 vectors resulted in a 2-fold, increase in luciferase activity following H~2~O~2~ exposure. The H~2~O~2~ induced luciferase activity in cells transfected with AP1 containing constructs was significantly reduced when co-incubated with synthetic double stranded AP1~1,2~ and AP1~3,4~ oligonucleotides, suggesting that the H~2~O~2~ induced gene activity was AP1-specific (Figure [5](#F5){ref-type="fig"}). The observed reduction in luciferase activity following oligonucleotide competition was strongest when transfecting with the AP1-pGL3 vector. Moreover, as in the previous experiments, there was no up regulation following transfection of the MRE-pGL3 vector alone (data not shown). A decrease in luciferase activity was also observed in control cells co-incubated with competitor. However this decrease was small compared to the observed decrease in cells exposed to H~2~O~2~.

![***In vitro*competition assay.** Hep G2 cells were transfected with the 4AP1-pGL3 vector (AP1~tot~) **(A)** or 6MRE-4AP1-pGL3 vector (MRE-AP1) **(B)** alone or together with 50 x molar excess of the AP1~1-2~ and AP1~3-4~ oligonucleotides. Control groups incubated without exposure (Control vs. Control-Comp), while experimental cells were exposed to 200 μM H~2~O~2~ (H~2~O~2~ vs. H~2~O~2~ Comp). Results are presented as mean ± SE (n = 4). Statistically significant differences between groups are indicated by \*(p \< 0.05); \*\*(p \< 0.01).](1471-2199-14-28-5){#F5}

Activity of AP1 and NF-IL6 elements in response to PQ and PMA
-------------------------------------------------------------

Exposure of RTH-149 cells to 10 μM PQ resulted in a 6-fold increase in gene activity following transfection with the MRE-AP1-NF-IL6-pGL3 vector containing the distally located NF-IL-6 element (Figure [6](#F6){ref-type="fig"}). Transfection with the MRE-AP1-pGL3 vector resulted in a modest increase in luciferase activity while the MRE-pGL3 vector did not elicit an increased luciferase activity. The response to 10 μM PQ was similar following transfection with the NF-IL6-pGL3 vector (Figure [7](#F7){ref-type="fig"}A), indicating that the NF-IL6 enhancer mediated the observed PQ inducibility. In contrast, transfection with the AP1-pGL3 vector and exposure to 10 μM PQ did not result in an increased luciferase response, suggesting that the AP1 elements are not primarily involved in the PQ response. On the other hand, exposure to 162 nM PMA resulted in a robust induction (5-fold) of luciferase activity following transfection with the AP1-pGL3 vector. The isolated NF-IL-6 element was unresponsive to PMA (Figure [7](#F7){ref-type="fig"}B). Thus, both the AP1 and the NF-IL6 elements were functional in rainbow trout cells.

![**Activation of rtMT-A deletion constructs following exposure to PQ.** RTH-149 cells were transfected with 0.5 ug of MRE-AP1-NFIL6-pGL3, MRE-AP1-pGL3 and MRE-pGL3 vectors and 0.3 μg of pRL-CMV vector. Following transfection cells were exposed to 10 μM PQ. The activities are given as fold induction. All activities were normalized to the expression level of the pGL3-basic vector. Luciferase activities were analyzed 24 hours post transfection. Results are presented as mean ± SE (n = 4). Statistically significant differences from control levels are indicated by \*(p \< 0.05); \*\*(p \< 0.01).](1471-2199-14-28-6){#F6}

![**Activation of rtMT-A deletion constructs following exposure to PQ and PMA.** RTH-149 cells were transfected with 0.5 μg of either the NFIL6-pGL3 or the AP1-pGL3 (AP~tot~) vectors and 0.3 μg of pRL-CMV vector (Renilla Luciferase control reporter vector). Following transfection cells were exposed to 10 μM PQ **(A)** or to 162 nM PMA **(B)**. The activities are given as fold induction. All activities were normalized to the expression level of the pGL3-basic vector. Luciferase activities were analyzed 24 hours post transfection. Results are presented as mean ± SE (n = 4). Statistically significant differences from control levels are indicated by \*\*(p \< 0.01).](1471-2199-14-28-7){#F7}

*In vivo* induction of MT-A mRNA by PQ and PMA
----------------------------------------------

Rainbow trout were injected with 10 mg/kg PQ and 10.3 μg/kg PMA in order to determine the effect on endogenous hepatic MT-A gene expression. A 2.5- and a 2-fold induction of hepatic MT-A mRNA was observed following exposure to PQ and PMA respectively (Figure [8](#F8){ref-type="fig"}), confirming that both inducers result in up regulation of rtMT-A mRNA in vivo.

![**Hepatic MT mRNA expression following injection with PQ or PMA.** Real-time quantitative PCR was used to determine the relative gene expression levels of the rtMT-A gene. Control fish were injected with 1% DMSO, while experimental fish were injected with 10 μM PQ or PMA and exposed for 24 hours. Results are presented as mean ± SE (n = 5). Expression levels were normalized against EF1α using ∆∆CT method. Statistically significant differences from control levels are indicated by \*(p \< 0.05); \*\* (p \< 0.01).](1471-2199-14-28-8){#F8}

Discussion
==========

As a consequence of organism utilization of oxygen, deleterious reactive oxygen species are produced. These oxygen species may lead to lipid peroxidation, DNA strand breaks and cell death. However, several antioxidant systems, such as GSH, SOD, catalase and MT have evolved to protect the organism from oxidative stress. A wide variety of stresses, ranging from physical injury to oxidative stress, induce MT in animals \[[@B27],[@B34]\]. Although numerous studies have been performed to confirm MTs antioxidative function, few have focused on the link between regulation of MT and a role during oxidative stress. In the present study we aimed to characterize the regulatory role of the rtMT-A enhancer region in response to oxidative stress and tumor promotion. Previous identification and functional analysis of distal elements on the rtMT-A promoter have revealed that a cluster including 4 AP1 elements and a single NF-IL-6 element may be involved in free radical inducibility \[[@B7]\]. While free radical regulation of mammalian MT genes seem to be mediated via USF/ARE and MRE cis-acting elements \[[@B20]\], teleost MT genes may be regulated via conserved clusters of cis-acting elements sharing high homology to the NF-IL6 and the AP1 consensus core sequences \[[@B7],[@B11],[@B12]\]. Functional analysis, from the present study, of the rtMT-A promoter suggest that the NF-IL-6 element is instrumental to MT induction by oxidative stress (PQ), and the AP-1 elements may to a minor but significant extent contribute to free radical inducibility.

The observed absence of ROS induced MRE activation in the present study demonstrates that MT regulation in rainbow trout differ from that in mammals where the MRE binding transcription factor MTF-1 is activated following oxidative stress \[[@B35]\]. Since the MRE elements identified on the rtMT-A promoter were not observed to contribute to the oxidative response this suggests that teleost MTF-1 is not activated by oxidative stress. Characterization of MTF-1, from zebrafish and rainbow trout has revealed a high conservation with regard to binding specificity and properties \[[@B36]\]. However, this study points out that there might be different mechanisms that regulate MT gene expression during oxidative stress in different species.

While USF/ARE and MTF-1 mediate oxidative MT expression in mammals, the AP1 cis-acting elements identified on the rtMTA promoter, sharing high homology to the ARE core sequence, showed weak activation in response to oxidative stress. The AP1 cis-acting element was originally discovered on the hMTIIa gene mediating optimal basal level expression of MT \[[@B37]\]. Functional analysis of the identified rtMT-A elements strongly indicated that the AP1 elements were required for maximal basal level expression in both fish (RTH-149) and mammalian cell (Hep G2) systems. Further analysis of binding affinity for the AP1 consensus sequence indicate that the proximal AP1 pair exhibited highest binding affinity, while the binding activity of the distal AP1 elements was at the border of detection limit. In addition, mutational analysis indicated that AP1~2~ showed highest binding of the proximally located pair. Hence, functional analysis of the identified AP1 elements suggests that AP1~1,2~ is functional with respect to both AP1 protein complex interaction and transactivation. However, there have been conflicting reports on the involvement of AP1 in the free radical regulation of MT in teleosts \[[@B30],[@B31]\]. While a deletion construct containing MRE and AP1 responded to ROS in common carp \[[@B30]\], the zebrafish MT gene promoter that contains both AP1 and MRE elements did not respond to ROS \[[@B30],[@B31]\]. In the present study co-transfection of Hep G2 cells with rtMT-A AP1 containing constructs with rtMT-A AP1 oligonucleotides abolished H~2~O~2~ induced promoter activity. These data suggest that the identified AP1 elements on the rtMT-A promoter in rainbow trout specifically mediate free radical MT inducibility. The primary role of the AP1 protein complex is as a modulator of cell proliferation and differentiation. It has been indicated that there is a link between proliferating human hepatic cells and high expression of MT protein \[[@B38]\]. Exposure of RTH-149 cells to the tumor promoter PMA resulted in a strong activation of AP1 cis-elements in the present study. In vivo injection of rainbow trout with PMA strongly induced hepatic rtMT-A mRNA levels, confirming the functionality of the AP1 elements on the rtMT-A promoter. These data strengthen the view of MT as a modulator of cell proliferation and differentiation. In the teleost CHSE-214 cell line MT becomes progressively methylated during prolonged subculturing, coinciding with a decrease in MT expression and reduced cell proliferation \[[@B39]\]. It has been suggested that antioxidants such as ascorbate, α-tocopherol and β-carotene are inhibitory to differentiation \[[@B40]\]. MT has also been suggested to alter the cellular redox state \[[@B41]\], indicating a role for MT during development and differentiation.

Cellular responses following stress, such as injury, promote a transient activation of NF-IL6 and AP1 protein that both play key roles in the initiation of inflammatory responses. NF-IL6 is rapidly activated in response to cytokines and oxidative stress \[[@B42]\]. This is in support with the present study in the RTH-149 cell line demonstrating that the NF-IL6 element was substantially activated in response to PQ but not to PMA. NF-IL6 sites are also present in the MT enhancer of other teleosts such as the crucian carp \[[@B12]\] suggesting a conserved function of MT in response to inflammation where NF-IL6 may mediate ROS inducibility. Studies have demonstrated that NF-IL6 activity can be modulated following protein-protein interaction with the AP1 protein complex \[[@B43]\] and NF-κB \[[@B14]\]. The observed minor increase in AP1 element activity following PQ exposure may enhance MT expression to protect from oxidative stress in fish. Rainbow trout cells respond to ROS exposure by induction of MT, which result in cellular protection from ROS toxicity \[[@B3],[@B4],[@B6]\]. Furthermore, it has been shown in a recent study on cod that there is a close correlation between the hepatic levels of ROS and MT \[[@B33]\]. IL6 and CXCL8 are two of the first inflammatory mediators expressed and contain cis-acting sites for both AP1 and NF-IL6, which indicate their crucial role in acute phase responses \[[@B44],[@B45]\]. Kanekiyo and colleagues \[[@B46]\] demonstrated that MT gene activation by zinc regulates macrophage colony stimulating factor (M-CSF), which in turn recruit and stimulate cytokine production by monocytes. Mice with genetic deletions in the MT proteins have a significant reduction in inflammatory mediators, including TNFα, IL6 and IL1α, compared to wild type mice \[[@B47]\]. Furthermore, growth hormone (GH) was found to induce the expression of rtMT-A) \[[@B48]\]. GH treatment results in phosphorylation of NF-IL6 and increases its transcriptional activity. This suggests that GH may be able to modulate MT regulation through NF-IL6 signaling.

Conclusions
===========

The present study demonstrates that the NF-IL6 and AP1 cis-acting elements of the rtMT-A promoter are functionally active. While NF-IL6 was instrumental for MT induction by oxidative stress, the AP1 elements was primarily and substantially activated in response to tumor promotion. Since NF-IL6 is a key component of initiation of inflammation it appears that MT may regulate this process by free radical scavenging. These data strengthens the idea of MT as an important regulator of proliferation and differentiation. In addition, there appears to be a complex interplay between NF-IL6 and AP1 that needs to be addressed in future studies to understand the link between MT expression, inflammation, development and differentiation.

Methods
=======

Construction of luciferase plasmids
-----------------------------------

PCR was used to construct the desired rtMT-A promoter luciferase plasmids. The previously sequenced 5′flanking region of the rtMT-A enhancer region was used as a template for all PCR reactions. Forward and reverse primers, containing a Kpn I and Hind III site respectively were used to create the desired luciferase constructs (Table [2](#T2){ref-type="table"}). The binding sites for the PCR primers used to create the different rtMT-A enhancer region constructs are shown in Figure [1](#F1){ref-type="fig"}. The PCR products were resolved on agarose gels and purified using the Qiagen PCR purification kit. Purified PCR fragments were subsequently cloned into the Kpn I --Hind III site of the luciferase reporter vector pGL3-basic (Promega, USA). The size of each insert was confirmed by restriction digest using the Kpn I and Hind III restriction enzymes. Large preparations of each construct were then performed using the Qiagen Midi kit. Each plasmid construct was resolved on agarose gels to test the purity.

###### 

Oligonucleotides used to create rtMT-A gene promoter deletion mutants

  **Primer**       **Location**       **Sequence\***
  ---------------- ------------------ -------------------------------------------------------------
  NF-IL6 forward   (-1042 to -1020)   GCG **GGT ACC** TAT GTT CGA TTG GAC TAT GAT TC
  AP1 forward 1    (-939 to -917)     GCG **GGT ACC** TGA TAG ACT ATC CTT GTT GTA GG
  AP1 forward 2    (-834 to -815)     GCG **GGT ACC** ATA ACA TTG CAC AAT GTT TG
  MRE forward      (-793 to -773)     CGG **GGT ACC** TCA AGC AGG AGA TTC TGG AA
  NF-IL6 reverse   (917 to -939)      GCG **AAG CTT***TTT ATA* TCG CTA CAA TTA ATT ACA AAC GAC CG
  AP1 reverse 1    (-774 to -790)     GCG **AAG CTT***TTT ATA* TCG CCA GAA TCT CCT GCT TG
  AP1 reverse 2    (-812 to -829)     GCG **AAG CTT***TTT ATA* TCG CCA CAA ACA TTG TGC AAT G
  MRE reverse      (+23 to +5)        GCG **AAG CTT** CAG TGG TGT GTT GTC AGC G

\*The restriction enzyme sites are shown in bold (the 3′ primers contain a Hind III site and the 5′ primers contain a Kpn I site) and TATAA box sequences are shown in italics. The MRE contains the natural TATAA box found in rtMT-A.

The fish handling procedures were approved by the Swedish Ethical Committee in Umea (Permit A75-01).

Cell culture conditions
-----------------------

The rainbow trout hepatoma (RTH-149) cells were propagated at 18°C and the human hepatoblastoma (Hep G2) cells were propagated at 37°C. Both cell lines were grown in minimum essential medium with Earle's salts (GIBCO, Life Technologies) and supplemented with 10% fetal calf serum (FCS) and 1% L-glutamine in an atmosphere of 5% CO~2~^.^

Transfection
------------

The cells were co-transfected with 0.5 μg of enhancer coupled pGL3-basic vector or the empty pGL3-basic vector and 0.3 g of pRL-CMV vector (Renilla Luciferase control reporter vector, Promega, USA), in serum free medium using Lipofectamin 2000 (Invitrogen, USA). The cells were transfected under serum free conditions for 15 hours. Hep G2 cells were grown in 250 ml tissue culture bottles to semi confluence and were then seeded in 3 cm-diameter culture dishes, at a density of 15,600 cells/cm^2^, 24 hours prior to transfection. The cells were transfected with 1 μg of enhancer coupled pGL3-basic vectors and co-transfected with 1 μg of the pSV-β-galactosidase plasmid containing the simian virus 40 early promoters. In the competition experiments 50 molar excess of synthetic AP1~1,2~ and AP1~3,\ 4~ (for description of oligonucleotides see Table [1](#T1){ref-type="table"}) was co-transfected with the AP1-pGL3 vector or the MRE-AP1-pGL3 vector. The total time of transfection in the competition experiment was 14 hours. It was observed that longer transfection times resulted in reduced effect of the oligonucleotides and was probably due to oligonucleotide degradation.

Reporter gene assays and exposure to PQ and PMA
-----------------------------------------------

Following transfection cells were re-fed with fresh media and allowed to recover for 2--4 hours. Fresh media alone or media containing 10 μM PQ, 162 nM PMA or H~2~O~2~ (100 and 200 μM) was added to the cells. After 24 hours exposure, the cells were washed with phosphate buffered saline (PBS) and harvested using cell lysis buffer (Promega, USA). The lysed Hep G2 cells were centrifuged and the supernatant stored at -20°C until β-galactosidase (control) and luciferase assays were performed. Dual-Luciferase reporter assay system (Promega, USA) was used in RTH-149 cell experiments, using the Renilla luciferase vector (pRL-CMV) as a control. For luciferase assays cell lysate were mixed with luciferase substrate and the luciferase activity of the construct was immediately measured in a luminometer (Turner Designs). The cells co-transfected with pRL-CMV was thereafter measured for Renilla luciferase activity. For β-galactosidase assays cell lysate and substrate buffer were mixed and incubated for 30 minutes or until a faint yellow color appeared. The absorbance was then measured at 420 nm. The luciferase activities in Hep G2 cells were normalized for β-galactosidase activity and expressed as relative luciferase activity or luciferase arbitrary units. The activity in RTH-149 cells was calculated by the quotient of the construct/Renilla luminescence.

Electrophoretic mobility shift assay (EMSA)
-------------------------------------------

EMSAs were performed using commercially available HeLa (human) nuclear extracts (Promega, USA). Synthetic normal and mutated AP1 oligonucleotides were synthesized (DNA technology, Denmark). The oligonucleotides that were used are described in Table [1](#T1){ref-type="table"}. Complementary strands were denatured for 5 minutes at 80°C and allowed to anneal by slow cooling to room temperature. Both strands were labelled with \[-32P\] ATP and T4 polynucleotide kinase. EMSA mixtures contained 40,000 cpm (\~0.2 ng) and 10 μg of nuclear protein in a final volume of 15 μl of 4% glycerol; 1 mM MgCl~2~; 0.5 mM DTT; 50 mM NaCl; 10 mM Tris--HCl (pH 7.5) with 1 μg of poly (dI-dC) as nonspecific competitor. The binding reaction with labeled AP1 consensus oligonucleotide was incubated for 20 minutes at room temperature. Incubation of the competitor DNA fragment, in molar excess, with nuclear protein and binding buffer for 10 minutes at room temperature, was performed to initiate the completion binding experiments. The labeled probe was then added, and incubation was allowed to proceed for another 20 minutes at room temperature. 1.5 μl of 10 × gel-shift loading buffer was added to each sample. The reaction mixtures were then loaded onto 4% non-denaturing polyacrylamide (37.5:1) gels at 250 V for approximately 2 hours. The gels were subsequently dried and autoradiographed at -70°C, using an intensifying screen.

In vivo PQ and PMA exposure
---------------------------

Fish (100 g) were kept in aquaria for 1 week prior to experimental start. Fish were injected with either PQ (10 mg/kg) or PMA (10.3 μg/kg). All fish received a total volume of 200 μl/100 g fish containing 1.5% DMSO dissolved in PBS (n = 5) Controls received 1.5% DMSO alone. Following injection the fish were kept for 4 days. Fish were killed with a blow to the head and the livers were removed and frozen in liquid nitrogen and stored at -80°C until analyzed.

Real time qPCR
--------------

Total RNA was isolated from liver samples using NucleoSpin RNAII kit (Macherey-Nagel, Germany) and quantified by Nano-vue (GE Healthcare, USA). cDNA was prepared using qScript cDNA synthesis kit (Quanta Biosciences, USA). The qPCR was performed using KAPA SYBR FAST qPCR kit (Kapabiosystems, USA) according to manufacturer's recommendations. Obtained Ct values were normalized against elongation factor EF1 alpha (EF1α). Relative gene-expression was determined by using the ΔΔCt method \[[@B49]\]. The following primer sequences was used for EF1α forward (5′GCATCAAGCAGTGGTCGAGTGA′3), EF1α reverse (5′TTGAAAGAGCCCTTGCCCATCTCA′3), rtMT-A forward, (5′ACACCACTGACACCCAGACAAACT′3) and rtMT-A reverse (5′AGCTGGTATCACAAGTCTTGCCCT′3).

Statistical analysis
--------------------

Statistical differences was determined using the two-tailed Student *t*-Test. Statistical significance level was determined at the \*P \< 0.05 and \*\*P \< 0.01 level.
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